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TECHNICAL MEMORANDUM X-64722

THE ATTENUATION OF X RAYS EMITTED BY SUPERNOVAE

I. INTRODUCTION

Using some of the models of supernovae which have been published,
it is possible to compute the attenuation coefficients of the plasma immediately
after the explosion and after transparency has been established, and to
evaluate the attenuation in the interstellar medium of the X radiation of
supernova remnants.

II. THE ATTENUATION OF X RAYS IN THE
C12 DETONATION SUPERNOVA MODEL

The most complete theoretical model of a supernova explosion that has
been published up to the present time is the one by Arnett, Truran, and
Woosley (ATW) [l]. In this model, stars of intermediate mass
(4M i M i 9M ) ignite the C12 + C12 reaction explosively. The star is totally

disrupted. In the. region interior to the helium-burning shell, the products of
nucleosynthesis are predicted for a theoretical model of an exploding star.
Using a previously constructed mass-density model, nucleosynthesis calcu-
lations are performed at eight points and yield, together with the zero point,
eight mass zones. Explosive ignition of the C12 + C12 reaction results in the
formation of a detonation wave. Following the passage of this wave, a
complete nuclear statistical equilibrium is established. During the sub-
sequent expansion, the nuclear abundances progress through a sequence of
equilibrium configurations until, at lower temperatures, the nuclear reactions
are terminated. The parameters for the zones considered for nucleosynthesis
are given in ATW's Table 1. This table gives the state of the plasma at the
end of nucleosynthesis, which, according to ATW's Figure 2, occurs between
0. 5 and 0. 6 sec after the start of the detonation.

A parameter 77 is defined as a measure of the neutron excess over
protons per nucleon present. During nucleosynthesis, an increase occurs in



neutron excess AT], Two values are considered which are referred to as the
"low-Tj" and "high-?]" cases. Since the IOW-T? case is preferable, the following
computations are carried out for this case only.

The agreement between the abundances predicted by the model and the
iron group abundances observed in the solar system, if the meteoritic value
for Fe is taken, is good. Many isotopic, as well as elemental, ratios are
well reproduced. The C12 detonation model, however, does not produce any
significant mass in the form of nuclei from Ne to Ca. If the iron group nuclei
observed in nature are produced in C12 detonation supernovae, then the
remaining nuclei must be generated in a different type of source.

For each mass zone, the results of the calculations of nucleosynthesis
during the explosion are given in ATW s Table 3.

Since X-ray absorption depends only on the elemental composition of
the zones, the isotopic abundances in ATW s Table 3 were combined to obtain
zonal elemental abundance tables. To these metallic abundances are added
the cosmic abundances of the light elements as given in Bell and Kingston1 s [ 2]
Table 1, using these values for all zones. The total photon interaction cross
sections of the elements were taken from the compilation of McMaster et al. [3]
The sum of the products of the elemental cross sections with the respective
abundances gives the total photon interaction cross section for each zone.

The .parameters for the exploding plasma in Table 1 were computed
from the relevant parameters for nucleosynthesis in ATW s Tables 1 and 3.
r is the radius of the concentric spheres, m is the mean atomic weight in
each zone, N is the total number of particles in each zone, and n is the
particle density in each zone, r is obtained from mass and density in each
zone. N is obtained as the quotient of the mass and the product of m and the
atomic mass unit in each zone, n is obtained as the quotient of N and the
volume of the zone.

The product of n with the interaction cross sections gives the
attenuation coefficient for each zone. The results are contained in Table 2.

III. THE ATTENUATION IN THE FILAMENTS
OF THE CRAB NEBULA

To compute the attenuation of X rays in the filaments of the Crab
Nebula, the narrow beam attenuation approximation has been adopted:



I ( x ) = 1(0) e

where n (cm"1) denotes the attenuation coefficient and « (cm2 g"1) is the
mass attenuation coefficient. The calculations were carried out for a plane-
parallel geometry with a normally incident beam of radiation for T = 10 000° K,
n^ = 1000 cm"3, and for two plasma compositions. One is Woltjer's

abundance of elements in the Crab Nebula [4] and the other is Davidson and
Tucker's Model 2 [ 5]. The values are given in Table 3.

The attenuation coefficients of the elements were obtained from tables
published by Henke and collaborators [6] and by McMaster and collaborators [3],
The mass attenuation coefficients for He, C, N, O, and Ne, 2 to 12 A, and
S, 1 to 12 A, were taken from Henke and collaborators; the coefficients for

o o
He, C, N, O, 1 A , and H, 1 to 12 A, were taken from McMaster and
collaborators.

The attenuation coefficients of the filaments were computed from the
formula:

M = 5 f - Y . K A niNo t-J z z zz

where A denotes the atomic weight, N0 Avogadro' s number, and n the number
of atoms per cubic centimeter, given in Table 4. The results are also
contained in Table 4.

According to Davidson and Tucker [5], a typical filament has an
apparent thickness of 2 sec of arc, yielding at 2020 pc:

= 6.04 ' 1016 cm

It is seen that for all practical purposes the attenuation in the filaments
can be neglected.



IV. THE ATTENUATION IN THE INTERSTELLAR MEDIUM

. Gorenstein, Kellogg, and Gursky [7] have represented the optical
thickness T for three supernova remnants by the empirical expression:

/.(£)*

where Ea and E are measured in keV. Ea varies for each remnant. The
following values are given:

Crab Nebula: Ea^ 0.9 keV 1< E < 12 keV

Gas A: Ea = 1.35 keV 1 < E < 10 keV

Tycho: Ea < 1.6 keV 1< E < 10 keV

The results of Gorenstein et al., which will be called the "observed
values," were compared with the corresponding results of the conventional
method to represent T:

= MX ,

where M .denotes the attenuation coefficient of the interstellar medium and x
the distance of the source from the observer. The attenuation coefficients
of the interstellar medium as computed by Schocken [8] were used. The
calculations were carried put between 1 and 15 keV (12.398 to 0. 827 A).
The observed values were at first compared with the corresponding optical
thicknesses resulting from hydrogen alone as attenuating gas. It is then
seen that the observed optical thickness becomes smaller than the optical
thickness in hydrogen (l atom cm~3) for the Crab Nebula at 8 keV, for
Cas A at 10 keV, and for Tycho .at 9 keV. Since the attenuation of the



interstellar medium cannot become smaller than that of hydrogen, it is con-
cluded that the experimental method used by Gorenstein et al. furnishes the
photoelectric absorption but not the scattering and, therefore, not the full
attenuation. The method is, therefore, limited to the range between 1 and
7keV.

If the observed values do not contain the contribution due to scattering,
no further quantitative conclusions can be drawn; but it may be significant
that in the indicated range the observed values of the Crab Nebula are very
closely approximated by Schocken' s [8] cosmic mixture No. 1:

H 1 atom cm"3

He 0.16 atom cm" ,

and that the observed values of Cas A and of Tycho are very closely
approximated by the values of the cosmic mixture No. 2:

H 1 atom cm

He 0.16 atom cm"

C 3.98 • 10" atom cm"3

N 1.12 • 1(T4 atom cm'3

O 8.91 • 10~4 atom cm"3
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TABLE 3. RELATIVE ABUNDANCES BY NUMBER
IN TWO MODELS FOR THE FILAMENTS

OF THE CRAB NEBULA

Element

H
He
C
N
O
Ne
S

Model No. 1
Woltjer

1000
449.438

-
0.607
1.124
0.618
0.348

Model No. 2
Davidson and Tucker

1000
1000
0.2
0.2
0.6
0.2
-

TABLE 4. ATTENUATION COEFFICIENTS OF THE
FILAMENTS FOR TWO MODELS

O

A

1
2
3
4
5
6
7
8
9

10
11
12

cm"1

10-20

Woltjer

0.2150
0. 7503
2.0501
4. 5502
8.4254
7.5043

11.60
16.93
23.51
31.69
41.73
52.94

Davidson and Tucker

0.2284
0.4073
0. 8255
1.9479
3.7170
6.2500
9. 8912

14.76
20.95
28.80
38.69
50.13
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